Background and Purpose-MRI was used to evaluate the effects of experimental intracerebral hemorrhage (ICH) on brain tissue injury and recovery. Methods-Primary ICH was induced in rats (nϭ6) by direct infusion of autologous blood into the striatum. The evolution of ICH damage was assessed by MRI estimates of T 2 and T 1sat relaxation times, cerebral blood flow, vascular permeability, and susceptibility-weighted imaging before surgery (baseline) and at 2 hours and 1, 7, and 14 days post-ICH. Behavioral testing was done before and at 1, 7, and 14 days post-ICH. Animals were euthanized for histology at 14 days. Results-The MRI appearance of the hemorrhage and surrounding regions changed in a consistent manner over time. Two primary regions of interest were identified based on T 2 values. These included a core, corresponding to the bulk of the hemorrhage, and an adjacent rim; both varied with time. The core was associated with significantly lower cerebral blood flow values at all post-ICH time points, whereas cerebral blood flow varied in the rim. Increases in vascular permeability were noted at 1, 7, and 14 days. Changes in T 1sat were similar to those of T 2 . MRI and histological estimates of tissue loss were well correlated and showed approximately 9% hemispheric tissue loss. Conclusions-Although the cerebral blood flow changes observed with this ICH model may not exactly mimic the clinical situation, our results suggest that the evolution of ICH injury can be accurately characterized with MRI. These methods may be useful to evaluate therapeutic interventions after experimental ICH and eventually in humans.
S
pontaneous intracerebral hemorrhage (ICH) affects roughly 80 000 patients (10% to 15% of all strokes) in the United States every year, and most patients either die or are left with significant neurological deficit. Clinical treatment of ICH presently consists of decompressive surgery in selected cases and supportive measures to reduce bleeding and control hypertension. 1 Given the enormity of the clinical problem, it is imperative that new therapeutic approaches be developed to reduce the functional deficits caused by ICH. As ICH therapies are studied in experimental models, correlative MRI measurements of physiological changes in the perihematomal regions would be useful and would allow for meaningful comparison between the animal models of ICH and clinical posthemorrhage imaging.
Very few studies have used MRI to explore the temporal evolution of ICH in animal models out to or beyond 24 hours. 2, 3 Such studies are necessary to characterize injury to the neurovascular unit in terms of brain edema, tissue loss, and vascular permeability changes over time in the same subject. Establishing these vital parameters may be useful for testing new therapies. In the present study, MRI was used to evaluate the effects of ICH on brain tissue injury and recovery in rats after the injection of autologous blood into the striatum. The temporal evolution of ICH damage was assessed by quantitative MRI estimates of T 2 , cerebral blood flow (CBF), vascular permeability, and T 1sat over a period of 14 days. Susceptibility-weighted imaging (SWI) was used to estimate acute hemorrhage volume. Neurobehavioral effects were also assessed over this period. The MRI data demonstrated excellent contrast between hemorrhagic and edematous regions and surrounding normal tissue with significant changes in these parameters detected at various times from the onset of ICH out to 2 weeks. These results were compared with histological estimates of tissue loss.
Materials and Methods

Intracerebral Hemorrhage Model
All experimental procedures were performed in accordance with institutional guidelines in an American Association for Laboratory Animal Care-approved facility. Animals were anesthetized with isoflurane (1.0% to 1.5%) in a 2:1 N 2 O:O 2 mixture through spontaneous respiration and core temperature was maintained at 36°C to 37°C throughout all surgical and MRI procedures.
Primary ICH was induced in Wistar rats (270 to 320 g, nϭ6) by direct infusion of autologous blood into the striatum region adjacent to the subventricular zone. 4, 5 A stereotaxic apparatus was used to position the tip of the needle at coordinates 0.5 mm anterior, 3.5 mm lateral, and 5.5 mm deep relative to bregma through a 1-mm craniotomy. Primary ICH was produced by infusion of 100 L of fresh (nonheparinized) autologous whole blood into the right striatum at a constant rate of 10 L/min. The needle was left in place for 10 minutes after the infusion and was then withdrawn and the incision closed with sutures. For the acute post-ICH time point, the right femoral artery and vein were cannulated for monitoring of blood pressure and gases and for MRI contrast agent administration, respectively. For follow-up studies Ն24 hours post-ICH, the contrast agent was administered through a tail vein catheter.
MRI Methods
All MRI studies were performed using a 7-Tesla, 20-cm bore magnet (Magnex Scientific, Inc, Abingdon, UK) interfaced to a Bruker (Bruker Biospin MRI, Inc, Billerica, Mass) console. A birdcage radiofrequency coil and a surface coil were used for radiofrequency transmission and reception, respectively. Ear bars and a nose cone, through which the anesthetic gas mixture was supplied, were used to minimize head movement during MRI measurements. A 3-plane scout imaging sequence was obtained at the start of each MRI session to reproducibly position the animal in the magnet. Quantitative MRI studies included spin-lattice (T 1 ) and spin-spin (T 2 ) relaxation-weighted imaging (T 1 WI and T 2 WI, respectively), magnetization transfer-weighted imaging, and SWI. Studies were performed before ICH, from 1 to 3 hours after ICH onset, and at 1, 7, and 14 days post-ICH. The MRI contrast agent gadolinium diethylenetriaminepentaacetic acid (Gd-DTPA) was given at all post-ICH time points to assess changes in vascular permeability.
T 2
The T 2 measurements were acquired using a multislice (13 1-mm thick sections) multiecho T 2 WI sequence (TRϭ8000 ms, TEϭ20, 40, 60, 80, 100, 120 ms). The images were acquired using 128ϫ64 image matrix over a 32ϫ32 mm 2 field of view and reconstructed using a 128ϫ128 matrix. Scan time for the T 2 sequence was approximately 9 minutes.
T 1 and T 1sat Measurement
The proton spin-lattice relaxation time (T 1 ) data were acquired using an imaging variant of the TOMROP pulse sequence. 6 The sequence provides an efficient and unbiased estimator of T 1 , because it is based on the Look-Locker method. 7 Quantitative estimates of T 1 in the presence of off-resonance saturation of the bound proton signal (T 1sat ), an magnetization transfer-related parameter, were also generated using this method. 8 This was done by inserting 2 continuous wave saturation radiofrequency pulses with an 8-kHz frequency offset into the Look-Locker sequence (TRϭ11 seconds, TEϭ2.2 ms, 128ϫ64 matrix, 32ϫ32 mm 2 field of view, 2-mm slice thickness). With this sequence, a single-slice T 1sat map was obtained in approximately 12 minutes.
Perfusion
Estimates of CBF were obtained using an arterial spin labeling technique. 9, 10 Labeling of inflowing arterial water protons was performed through an axial gradient of Ϯ0.3 kHz/mm using a continuous-wave radiofrequency pulse at a power of 0.3 kHz and frequency offset of Ϯ6 kHz followed by a spin-echo sequence with TR/TEϭ1000 ms/20 ms. 11 The labeled slice was 1 cm thick and was located approximately 2 cm distal to the imaging slice. The image section was 2 mm thick and was acquired over a 32ϫ32 mm 2 field of view using a 64ϫ64 image matrix. The sequence required approximately 18 minutes.
Blood-Brain Barrier Permeability
Estimates of the blood-to-brain transfer constant (K i ) were obtained using a T 1 WI Look-Locker sequence (TR/TEϭ2000 ms/2.2 ms, 24 echoes, 128ϫ64 matrix, 32ϫ32 mm 2 field of view, 5 slices, 2.0 mm thick) to produce T 1 estimates at approximately 2.5-minute intervals. 12, 13 After obtaining a baseline T 1 map, a bolus injection of Gd-DTPA (0.2 mmol/kg, intravenously) was given and a series of 10 T 1 maps was acquired. The entire protocol required approximately 28 minutes. Temporal changes in the Gd-DTPA-influenced relaxation rates were used to estimate Gd-DTPA concentrations in the brain and blood. Estimates of K i were produced using MRI Patlak plot methods. 12, 13 
Susceptibility-Weighted Imaging
The SWI data were acquired using a specialized 3-dimensional gradient-echo sequence that is very sensitive to the presence of paramagnetic agents (ie, deoxyhemoglobin). The method uses TR/ TEϭ20 ms/10 ms and a 25°flip angle. The data were acquired using a 256ϫ256ϫ64 matrix over a 32ϫ32ϫ16 mm 3 field of view.
MRI Data Analysis
The MR data were transferred to a Unix-based system for analysis.
Regions of interest representing the lesion core and adjacent rim ( Figure 1 ) were identified by windowing of T 2 values. The selected regions of interest from the T 2 maps were then superimposed onto the other MRIs to assure that the estimates were taken from the same area. Tissue loss in the ipsilateral hemisphere 2 weeks post-ICH was estimated by measuring ipsilateral and contralateral hemisphere volumes (minus ventricular volumes) over 7 1-mm thick T 2 maps. The measurement was expressed as a ratio of the contralateral hemisphere volume minus the ipsilateral hemisphere volume divided by the contralateral hemisphere. Acute hemorrhage volume was estimated from SWI data.
Histopathology and Neurobehavioral Testing
Animal weight and functional neurological testing, consisting of a neurological severity score and cornering test, were measured before and at 1, 7, and 14 days after ICH. The neurological severity score represents a composite scoring of motor, sensory, balance, and reflexive indices that range from 1 to 18 with higher scores indicative of greater neurological injury. 14 The cornering test 15 measures the number of times that an animal turns to the right or left when placed in a corner (normal stateϭ0.5). The animals were euthanized under anesthesia after the 2-week post-ICH MRI study through transcardial perfusion with saline (for vascular washout) followed by 4% paraformaldehyde. The brain was removed from the skull afterward and placed in fixative overnight. The fixed brain tissue was cut into 7 equally spaced (2-mm thick) coronal blocks and embedded in paraffin. Coronal sections (10-m thick) were taken at 0.5-mm intervals through the entire region of ICH and stained with hematoxylin and eosin. Histopathological assessment was performed to estimate the degree of tissue injury and loss from the hematoxylin and eosin-stained sections in the same manner as described for the MRI data. For the purpose of mitotic labeling of newly formed DNA, all rats received daily intraperitoneal injections of 100 mg/kg of bromodeoxyuridine starting 24 hours after ICH and then subsequently for the next 13 days. Brain sections through the ICH region were labeled histochemically for bromodeoxyuridine and von Willebrand factor in the core, border, and edematous region surrounding the border zone. All antibodies were diluted in tris-buffered saline containing 0.1% Triton X-100, 0.05% Tween 20, and 3% donkey serum (TBS-plus). The primary antibodies used included monoclonal mouse antibromodeoxyuridine (Dako, 1:100) and polyclonal rabbit anti-von Willebrand factor (DAKO, dilution 1:400).
Statistical Analysis
All pairwise testing between ipsilateral and contralateral regions of interest and between time points was performed using t tests. Correlational analysis between MRI and histological estimates of Figure 2 before and at various times after ICH. The top row shows CBF maps with normal flow before ICH and severely decreased CBF afterward, particularly in the central core region. The lesion core was associated with significantly decreased CBF values and, to a lesser extent, in the rim. The middle row shows T 2 maps obtained at the same time points with a dark core and adjacent hyperintense rim acutely that reversed in intensity at 24 hours and beyond. In 4 of the 6 rats studied, a secondary hyperintense rim with elevated T 2 values was also observed at 24 hours and was probably due to edema. The bottom row shows K i maps acquired after ICH. Increases in blood-brain barrier permeability were noted in both core and rim areas at 24 hours, which increased further in the core while stabilizing or decreasing slightly in the rim. Figure 3 shows an example of SWI obtained before and after ICH from the same animal presented in Figure 2 . This imaging modality produces T 2 * weighting, which is highly sensitive to the presence of blood with deoxyhemoglobin at the acute time and hemoglobin breakdown products at later times. 16 The hyperintense core region visible from 24 hours to 2 weeks is believed to be due to presence of extracellular methemoglobin. Although this type of 3-dimensional SWI does not produce a quantitative parameter estimate, the images were visually striking, demonstrating excellent contrast between hemorrhagic tissue and the surrounding edematous regions and were useful for estimating acute ICH volumes.
The results for various quantitative MRI parameter estimates are presented in Figures 4 through 7 . Figure 4 shows the ipsilateral/contralateral T 2 ratios plotted as a function of time after the onset of ICH for regions located in the central core of the lesion and the surrounding rim. The T 2 changes in the core and rim areas were significant and distinct between the 2 areas; these changes were used to segment the ICHaffected regions from surrounding normal tissue and CSF. The T 2 values in the core significantly declined acutely and then became significantly elevated at later times relative to Examples of quantitative cerebral blood flow, T 2 , and blood-to-brain transfer constant (K i ) maps at various times before and after experimental ICH. The CBF maps (top row) indicated normal flow before ICH that decreased severely after ICH, particularly in the central core region. The T 2 maps (middle row) showed a dark central core region (low T 2 ) and adjacent surrounding bright rim (high T 2 ) acutely that reversed in intensity at 24 hours and beyond. The K i maps (bottom row) were only acquired after ICH. Increased blood-brain barrier permeability was noted in both core and rim areas at 24 hours that increased further in the core while stabilizing or decreasing slightly in the rim. Figure 2 . The images demonstrated excellent contrast between hemorrhagic tissue and the surrounding regions. Acutely, the ICH was evident as a region of decreased signal intensity, whereas at later times, the signal intensity in the core area reversed, becoming hyperintense.
corresponding contralateral regions, whereas T 2 in the rim was significantly elevated acutely and then decreased significantly at later times relative to contralateral regions. The elevated T 2 rim seen acutely and as a secondary rim in some animals at 24 hours was probably due to a combination of serum, which squeezed out as the clot retracted, and edema.
The ipsilateral/contralateral CBF ratios for core and adjacent rim areas plotted as a function of time are shown in Figure 5 . Average CBF values in the ipsilateral core regions were 19Ϯ28, 19Ϯ17, 54Ϯ40, and 77Ϯ26 and in the rim 56Ϯ23, 76Ϯ27, 100Ϯ55, and 105Ϯ16 mL/100 g/min at days 0, 1, 7, and 14, respectively. CBF values in both the core and rim regions decreased significantly relative to contralateral regions at all time points, except in the rim at 7 days. Furthermore, CBF values in the core were significantly lower than the rim on days 0, 1, and 14.
Estimates of K i for Gd-DTPA plotted as a function of time are presented in Figure 6 . A progressive increase in vascular permeability was noted in the core of the lesion. Small increases in K i were noted at day 1 for both core and rim areas. The K i values in the core area continued to increase at 7 and 14 days, whereas they appeared to remain relatively constant or decrease slightly in the rim area at 7 and 14 days. Figure 7 shows the ipsilateral/contralateral T 1sat ratios for core and rim regions plotted as a function of time after ICH. T 1sat is a magnetization transfer-related parameter that is very sensitive to changes in tissue water content and/or shifts between the "bound" and "free" proton pools. The T 1sat values decreased significantly in the core region acutely and then became significantly elevated at later times, whereas only minor T 1sat changes were noted in the rim.
Significant tissue loss was noted at 2 weeks by both MRI and histological methods. The percent ipsilateral hemisphere tissue loss by MRI was significantly correlated (Pϭ0.013) with histological estimates (Figure 8 ). The average tissue loss for the 5 animals that were injected with the full 100-L volume of blood relative to the contralateral hemisphere volume was 9.0Ϯ1.3% by MRI and 8.4Ϯ1.2% by histology. Data from the one animal (DS04) that did not receive the full 100-L volume of blood was not included in this average. A Figure 4 . Plot of T 2 ratios (ipsilateral/contralateral) as a function of time after ICH onset for regions in the central core and surrounding rim of the lesion. In the core region, T 2 values declined significantly at the acute time point and then became significantly elevated at later times relative to the corresponding contralateral region. Conversely, T 2 in the rim was significantly elevated acutely and then decreased significantly at later times relative to contralateral regions. for Gd-DTPA are plotted as a function of time. Small increases in K i were noted at day 1 for both core and rim areas. The K i values in the core area continued to increase at 7 and 14 days, whereas they remained relatively constant or decreased slightly in the rim area at 7 and 14 days. substantial portion (one third to half) of this tissue loss could be accounted for by the expansion of the ipsilateral ventricle. The average acute ICH volume was 24.2Ϯ8.5 mm 3 , which corresponded to a tissue volume loss of 40.2Ϯ8.2 mm 3 . With the exception of one outlying data point that showed a small ICH volume and large tissue loss, the acute ICH volume estimates were significantly correlated with tissue volume loss at 2 weeks (R 2 ϭ0.78, PϽ0.05). The immunohistochemical stained sections showed colocalization of bromodeoxyuridine and von Willebrand factor staining ( Figure 9 ) at 2 weeks post-ICH in the border zone, located adjacent to the core region, in all animals. This colocalization was interpreted as an indication of ongoing angiogenic activity in response to the ICH-induced tissue injury. We did not detect such activity in either the core region or the edematous region outside the border zone.
Discussion
This study describes a set of quantitative and qualitative MRI parameters that were used to follow the progression of brain injury in a rat model of ICH. Although the experimental ICH model used in these studies may not exactly mimic the clinical presentation of ICH, it nevertheless provides a reproducible model for tracking and characterizing ICHinduced tissue changes that may be useful for testing potential therapeutic interventions. The consistent patterns of change in these parameters and their correlation with terminal histological measures suggest their potential as noninvasive indices to assess the response to drugs in this model. It also seems likely that they can be used to estimate the final extent of tissue injury based on acute hemorrhage and injury volumes.
In comparison to previous reports that used MRI to study ICH using the injection model in rats, these studies were performed at higher field strength and provided quantitative estimates of ICH-induced changes in CBF and blood-brain barrier permeability. We also correlated acute ICH volume measurements from acute SWI with histological estimates of tissue loss at 2 weeks post-ICH and present immunohistochemical evidence of angiogenesis in the border zone.
The pathophysiology and morphology of cerebral damage after ICH has been studied in animal models and in humans using radiological imaging techniques. As the blood clot developed within the closed intracranial space, predictable changes occurred in the brain parenchyma. Edema forms around a cerebral hemorrhage within hours after onset and is associated with mass effect, elevated intracranial pressure, and secondary brain injury. [17] [18] [19] [20] [21] Experimental models of ICH indicate that the triggers of perihematomal edema and cell death include clot-secreted factors of thrombin and fibrin, red blood cell lysis, protease induction, apoptosis, and complement activation leading to a component of acute inflammation. [22] [23] [24] [25] Whether ischemia plays a causative role in neuronal damage has been a matter of some controversy. 26, 27 A study by Patel et al showed CBF levels to be below an ischemic threshold of 20 mL/100g/min in the core region of the hemorrhage. 21 In addition, some earlier animal model studies of ICH as a mass lesion in the brain demonstrated measurable ischemia in the penumbra region. 28 -31 However, more recent injection model studies have shown no significant decrease in CBF and no histopathological or metabolic signs of ischemic damage in the perihematoma region. 21, [32] [33] [34] One recent experimental study that used a double injection model in rats and post-ICH MRI revealed no MRI characteristics suggesting the presence of perihematomal ischemia. 35 Human studies of regional CBF after ICH show that CBF decreases initially but returns to normal values by 72 hours, and the region initially hypoperfused corresponds to where the edema ultimately forms. 36 A large clinical study measuring CBF around the ICH failed to find levels of reduced CBF indicative of infarction, but did note a significant association between perihematomal CBF and functional status of the patients at the time of discharge from the hospital. 37 The region of reduced CBF around the ICH regains its perfusion in the subacute and late clinical follow-up using MRI and single photon emission CT brain imaging. 27, 38 Positron emission tomography studies have demonstrated decreased local cerebral metabolic rate of oxygen relative to CBF, indicating reduced metabolic demand in the region adjacent to the ICH. 39 A recent human study found reduced mitochondrial function in perihematomal brain tissue samples, which is consistent with the reduced metabolic rate and the reduced oxygen extraction fraction noted in clinical ICH reports. 40 Although this may be a rim of tissue in a "hibernation" state for the first 48 hours after ICH, it likely remains susceptible to further injury as the pathophysiological events around the clot evolve. 26, 41 Our data suggest that our experimental ICH lesion is divided into 2 distinct pathological regions: the core and a boundary/rim adjacent to the core, consistent with previous experimental and clinical studies reviewed here. The core exhibited similar pathophysiological characteristics of ischemic tissue characterized by low tissue perfusion, initially very severe, but remaining hypoperfused with a compromised blood-brain barrier. The T 1sat showed a dramatic increase over the 2-week period indicative of protein in the core. However, there are some differences between the ICH and classic ischemic lesions, the primary one being that bloodbrain barrier disruption persists in the ICH core but is transient in the core of ischemic stroke. 42 The MRI changes in the rim seem to clearly demarcate this region from the core. This region, although distinct by MRI from the core, exhibits clear evidence of persistent tissue damage; T 2 ratio to the contralateral homologous tissue remains suppressed, hypoperfusion persists, and the blood-brain barrier is mildly but consistently impaired. This region appears to identify severely compromised cerebral tissue that is likely to remain vulnerable for an extended period of time. Our data demonstrate the loss of cerebral tissue yet an improvement in functional recovery with time. The hypoperfusion noted in this study does not necessarily indicate tissue ischemia, but still may be a useful index of the severity of injury to follow in this experimental ICH model.
The data produced by the various MRI parameters studied showed distinct changes in both the core and adjacent border regions that were used to characterize the progression of ICH-induced injury to cerebral tissue. Although it is not conclusive whether a causal relationship exists, our data suggest that cerebral tissue injury due to ICH is associated with decreased CBF, increased blood-brain barrier permeability (ie, suggesting the presence of a vascular component), and cerebral edema. Given the degree and duration of CBF deficit, recovery seems unlikely in the core region but may be possible in the rim. Monitoring these differences in CBF recovery after ICH may be useful for evaluating potential experimental therapies. Furthermore, although there was no direct injury to any major blood vessels, the increasing K i values and extended period of poor perfusion in the core would suggest a significant vascular component to ICHrelated tissue injury with little chance for recovery as opposed to that seen in the rim. Histological evidence of angiogenesis was observed in the border zone 2 weeks after ICH in this model. Finally, the initial significant decline of T 1sat in the core was probably due to the presence of blood, which would be expected to drastically alter the bound-to-free proton pool balance, whereas the elevated values at later times probably reflects increased tissue water (ie, edema) and extracellular protein. 16 Estimates of tissue volume loss at 2 weeks by MRI and histology were well correlated suggesting that MRI can be used to assess late-term effects of ICH. Furthermore, with the exception of one animal, acute MRI estimates of ICH volume were significantly correlated with tissue loss at 2 weeks. We hypothesize that this variation of the initial ICH volume may have been due to differences in the duration that the blood was allowed to stand in the syringe before being injected into the brain, although we did not control for this parameter in this study. With further development, this approach may be useful for evaluating therapeutic interventions in experimental animals and eventually in humans.
Understanding the dynamic processes of injury and recovery in the vulnerable perihematomal rim will benefit from experimental real-time in vivo measurements of perfusion, blood-brain barrier breakdown, tissue edema, and clot volume. Future investigations using MRI after experimental ICH will explore the predictive relationship between the initial ICH volume and cerebral tissue loss and ultimately functional outcome. These types of experimental ICH studies, and ultimately the understanding of mechanisms of action of the interventions, will be enhanced by the application of early post-ICH MRI as described here.
